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The Essence and Location of Flicker Changes 
In the intermittent stimulation by light the outside agent alternates 
abruptly between zero and the particular maximal intensity.  When 
the frequency of this alternation is sufficiently low, the difference be- 
tween these extreme conditions is completely perceptible in sensation: 
the brightness during the light period is maximal, and during the dark 
period it  is  zero.  As  the  alternation  frequency increases,  the  two 
sensations become less sharply delimited in time and less clearly sepa- 
rated in intensity: the light period loses in brightness, and  the dark 
period gains in brightness.  The more frequent the  alternation, the 
less is the difference between the successive sensations; and when the 
frequency is  sufficiently high the difference between the successive 
sensations vanishes so that the outside fluctuating light appears con- 
tinuous.  This shows that it is the time factor which is important 
in the transformation of external physical discontinuity into internal 
sensory continuity. 
The three places where this transformation may conceivably take 
place are the retina, the conducting paths, and the brain.  Of these, 
the conducting mechanism may be quickly eliminated.  All the mod- 
ern work shows that if an optic nerve were supplied with a  group of 
impulses  sharply  separated  from,  and  rapidly  alternating  with  a 
period of no impulses, it could maintain the separation of the two 
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periods even at a  frequency of 50  cycles per second.  However, in 
flicker the optic nerve receives no such sharply delimited alternation 
of  phases.  Adrian  and  Matthews  (1928) found  that  in  the  eel's 
eye the impulses along the nerve show no periodic changes for a fre- 
quency of intermittent retinal illumination as little as 5  cycles per 
second at low intensities,  even though the nerve carries groups of 
impulses occurring three times as frequently at higher illuminations. 
Thus while the brain may be responsible  for a part of the transforma- 
tion of intermittent illumination into continuous sensation, it is cer- 
tain that most of this transformation has already been accomplished 
in the retina. 
This conclusion is supported by other considerations.  Brightness 
is probably determined by the number of impulses per unit time which 
reach the brain from a group of related retinal elements.  Differences 
in the sensation of brightness can therefore be produced by differences 
in the number of elements which function in a  given group and by 
differences  in the frequency  of impulses coming from each continuously 
functioning element. 
If  the  determining factor is  the  number of functional  elements, 
recognition of flicker means such a fluctuation in the condition of the 
retina that during the light and dark phases of the flicker cycle a 
critical number of elements of marginal thresholds in a  given group 
alternately function and cease to function.  Flicker then disappears 
when the amplitude of fluctuation is below that required to set off 
and on these elements of marginal threshold.  A  similar condition 
obtains if the determining factor is the frequency with which a group 
of elements discharge impulses to the brain.  In either case the con- 
trolling influence is in the retina. 
II 
The Data of Flicker 
Before considering the possible  events in the retina which may be 
concerned in flicker we wish to summarize the essential facts in this 
field.  This is necessary in order to lay down the minimal require- 
ments for any theoretical treatment of the subject. 
The  first  fact  concerns  the  physiological  effectiveness of  inter- 
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frequency, that is, when flicker has disappeared.  This is described by 
Talbot's law  (Talbot,  1834)  which states that the brightness under 
these circumstances equals the original steady brightness multiplied 
by the fraction which the actual duration of illumination is of the total 
duration of a  complete cycle of light and dark.  In other words,  a 
reduction in the time of action of the light is equivalent physiologically 
to a corresponding reduction in its intensity.  The evidence has been 
presented in the first paper of this series (Hecht and Wolf, 1932) and 
is derived from a  sufficient variety of sources and animals to render 
certain the validity of Talbot's law. 
The second group of facts deals with the influence of the intensity of 
illumination on the critical frequency.  The details have been pre- 
sented in the preceding paper of this series.  The relation between 
critical frequency and log I is sigmoid in form for both rods and cones. 
The maximum critical frequency for the cones is about 50 cycles per 
second; that of the rods about  10 cycles per second.  The slope of 
the central part of the relationship is about 11  for the foveal cones 
and about half as much for the rods.  The slope for the peripheral 
cones is about the same as for the foveal cones, but seems to vary for 
different persons and for different retinal positions.  Also for a given 
illumination the critical frequency depends on the stimulated retinal 
area (Granit and Harper, 1930). 
The third set of data are concerned with the relation of critical fre- 
quency to the condition of the eye.  Schaternikoff (1902) found that 
the critical frequency declines regularly and concomitantly with the 
dark  adaptation of the eye.  This has been  confirmed by Lythgoe 
and Tansley (1929) who showed in addition that the critical frequency 
rises during light adaptation. 
The fourth fact, found by Porter (1902)  and corroborated by Ives 
(1922), is that for a given illumination the critical frequency is a max- 
imum when the light and dark periods are approximately equal, and 
declines as either becomes significantly longer than the other. 
No 
facts, 
III 
Previous Formulations 
existing  theoretical  treatment  supplies  a  synthesis  of  these 
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though adequate in themselves, were concerned only with Talbot's 
law and antedate the knowledge contributed by Porter of the relation 
between critical frequency and log I.  Troland's formulation (1913) 
is probably sound in that it uses the idea of a reversible sensory sys- 
tem.  However it is too general to be of use with a set of data.  Lasa- 
reff's derivation (1926)  also relies on a reversible sensory system and 
furnishes a description of Schaternikoff's data on the influence of dark 
adaptation,  and of the usual logarithmic relation between intensity 
and critical frequency.  Lasareff's treatment omits Talbot's law,  as 
well as the relation between light and dark ratio and frequency, and 
we have  been  unable  to  understand it  sufficiently well to  test  its 
application to these properties of flicker. 
Ires' "theory of intermittent vision" is the best and most concrete 
effort  at  including all  the  data  existing at  the  time  (1922).  Ives 
assumes three steps in vision.  The first is a reversible photochemical 
reaction of "such a  nature that the equilibrium value under steady 
illumination is proportional to  the logarithm of the stimulus;" the 
second step consists of a  diffusion process according to  the Fourier 
diffusion law, the purpose of which is to account for the conduction 
of the substance formed during the first step; the third step involves 
the perception process "in which the criterion for perception is that 
the time rate  of change of the transmitted  reaction must exceed a 
constant critical value."  The fairly complex mathematical develop- 
ment of these ideas yields Talbot's law, the logarithmic relation, and 
the relation between light and dark ratio and critical frequency. 
We find three difficulties in adopting Ires' treatment.  First, Ives 
deals with the important logarithmic relation between intensity and 
photochemical effect merely by assuming it.  Second, the logarithmic 
relation between intensity and critical frequency does not follow even 
from this assumed photochemical formation but results from the char- 
acter of the diffusion of the photoproducts postulated in the second 
step.  Ives, himself, realizes the difficulty of placing such major theo- 
retical emphasis on this diffusion or conduction process.  Third, even 
after accepting these two steps, one finds that the slope of the line 
relating log I  and critical frequency does not come out from the theory, 
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IV 
Photochemical  Derivation 
Because of these inadequacies in existing theory we propose to de- 
velop some ideas of our own with regard to flicker.  The equations 
to be derived follow from the simple properties of the very first step 
in photoreception, and involve neither a  special logarithmic assump- 
tion between intensity and photochemical effect, nor a  second "con- 
duction" process. 
We wish explicitly to state that we consider our treatment only as a 
first approximation.  The retina is a  complicated structure, and not 
enough is  known  about  it  to  furnish the material for an  adequate 
formulation  of so  complex a  phenomenon as flicker.  However, no 
matter what else occurs in the retina, the very first step in vision must 
involve  a  photochemical  change having  certain  fairly well  defined 
characteristics  (Hecht,  1931).  Since  the  products  of  this  photo- 
chemical change serve only to  start the complicated train of events 
which finally yield a series of impulses in the optic nerve, it cannot be 
expected that  the behavior of the photochemical system alone will 
yield a  complete description of the receptor process.  Nevertheless, 
because quantitative ideas are available in photochemistry it is neces- 
sary to discover how far this very first photochemical transformation 
can go in  characterizing the  photoreceptor process as a  whole.  In 
the present instance it is instructive and important to point out that 
the following study of this very first step in its relation to intermittent 
illumination already shows it to possess many of the essentially quan- 
titative properties of the physiology of flicker. 
We start with the familiar assumption (Hecht, 1931) that the first 
step  in  the photoreceptor process is  a  reversible  photochemical re- 
action.  The light  changes a  sensitive  substance into  two products 
which start the series of events ending in a nerve impulse, and which 
can recombine to form the original sensitive substance according to 
an ordinary "dark" reaction.  Following well accepted photochemical 
ideas, the velocity of the reaction as a whole as it proceeds under the 
influence of light may be written 
dx  ..~  k~I(a  --  x)  --  k~x~  (1) 
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where [ is the intensity, a the initial concentration of sensitive material 
and x, the concentration  of photoproducts.  In  the  absence of light 
only the "dark"  reaction goes, and the equation 
dx 
--  =  k~x~  (2) 
dg 
gives the rate at which it forms the photosensitive material. 
In intermittent  illumination  these two reactions  alternate  rapidly, 
and at the disappearance of flicker, they form a steady state in which 
what  has  been  decomposed  during  the  light  period  is  regenerated 
during  the  dark  period.  The  time  occupied  by each  light  or  dark 
exposure is At, and is very short when flicker disappears.  Therefore 
the velocity dx/dt  may be considered constant,  and  equal to  Ax/At, 
where ax is the change in  concentration  of photoproducts occurring 
between the beginning and the end of each exposure.  Since the light 
and  dark  periods in  these  experiments  are  of equal  duration,  these 
two velocities are equal.  On equating them we get 
KI  x ~  --=~  (3) 
2  a-x 
where  K  =  kl/k2.  This  is  Talbot's  law  for  equal  light  and  dark 
periods. 
For the critical disappearance of flicker it is supposed that Ax  =  d; 
that is, that the fluctuation Ax in the chemical concentration of photo- 
products is constant  at a value c' which is just too small to cause the 
physiological change corresponding to a  perceptible  change in sensa- 
tion  of brightness2  The  critical  frequency is  n  cycles of light  and 
1 This is a special form of the assumption which has run through much of the 
theoretical work with the photoreceptor process (Hecht, 1923, 1931).  However, 
we have also tried  a derivation which assumes that flicker disappears when AX 
becomes less than a constant fraaion of x.  This is equivalent to writing that ax = 
h'x,  where h' is a constant.  The remaining development  is similar to the one 
given in the text.  As above, n  =  1/2al,  which gives from equation  (2)  that 
x  =  2h'n/k2.  This, when substituted in equation (3) yields 
hKl  n ~ 
2  =  ~-n  (~a) 
where h  =  k2/2h'.  Equation  (5a) is obviously identical in form with  equation SELIG Ba~CHT AND  CORNELIS D.  VERRIJP  275 
dark flashes per second.  Thus 7,  =  ½2xt.  Substituting these values 
of Ax and of At in equation (2) and putting v/2c'/k2  =  c, we get 
•  =,~  (4) 
as the relation between critical frequency and mean concentration of 
photoproducts  in  the  reversible  photochemical  system.  If now we 
put this value of x into equation  (3)  of the steady state the result is 
KI  n 
--=  (5) 
C 
which  should  describe  the  dependence  of  critical  frequency  on  in- 
tensity, in a  single homogeneous system such as a  rod or a  cone.  In 
equation (5)  a  as usual is put at 100 per cent, while K  and c are con- 
stants to be found from the data themselves.  It is apparent that c 
is 100 divided by the square root of the maximum value of n, while K 
determines the position of the data on the axis of abscissas. 
V 
Numerical Comparisons 
Figs. 1 and 2 show the relation of equation (5) to the data of critical 
frequency secured by ourselves and presented in the preceding paper 
of this group.  Consider first the measurements made with the rods 
located in the retinal area 5 ° above the center of the eye.  For S. H., 
if we make K  --  1,400,000 and c  =  33.9, equation (5) becomes 20,600 
I  =  n/(2.95  -~/~), which is the line drawn through the rod data in 
Fig.  1.  Similarly for C. D.  V. if K  --  500,000,  and c  --  32.4,  then 
equation  (5)  becomes  7720  I  =  n/(3.08  -  ~/n-),  which is  the line 
through the rod data in Fig. 2.  The adequacy of equation  (5)  as a 
description of the data shows that the flicker function of the rods be- 
(3). We have applied it to the data and find that though not very different from 
equation (5), it is less adequate as a representation  of the data even in a modifica- 
tion comparable to equation (6).  For the lower intensities of the cones it yields 
values of n which are somewhat too high, more so than those derived from equa- 
tions (5)  and (6).  Equation (5a) and its derivation is preferred  by C. D. V., 
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haves as if it were controlled by the initial photochemical process in 
photoreception. 
The  flicker function  of the  cones,  however,  is not  to  be described 
quite so simply.  The main difficulty concerns the slope of the middle 
portion of the data for which equation (5) yields a value too large by a 
factor of about 2.  Considering the variation  which this slope shows 
in the measurements for different retinal positions and the uncertainty 
of the  precise structural  factors  which  determine  this  variation,  we 
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FIG. 1.  Theoretical representation of data of critical frequency for S. H. given 
in the preceding paper of this series.  The curve through the low intensity section 
of the 5  ° off-center data is drawn from equation (5) whereas the other two curves 
are drawn from equation  (6).  The specific values of the constants are given in 
the text. 
have refrained from making any fundamental  changes in the deriva- 
tion of equation (5) for use with the cones.  Instead we have adopted 
a  purely  arbitrary  method  of  correcting  for  the  slope by attaching 
an exponent a to the intensity I.  Equation (5) then becomes 
KI  a  n 
_ 
C 
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which  may now be used  to  compare with  the  data.  We  shall  con- 
sider the possible meaning of a in a moment. 
For the  S. H. data of 5 ° off-center, if we put K  -  228,  a  =  0.55, 
and c  =  16.44,  then equation (6) becomes 6.93 1 °-55 =  n/(6.08  -~/~) 
which is the curve drawn through the 5 ° cone data in Fig.  1.  In the 
same way for C. D. V., if we put K  =  213,  a  =  0.50,  and c  =  15.81, 
then  equation  (6)  becomes  6.74  I °.5°  =  n/(6.33  -  ~/~)  which  is 
drawn through the 5 ° cone data in Fig. 2.  For the foveal data of S. H. 
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FTG. 2. Theoretical representation  of data of critical  frequency for C. D. V. 
taken from the preceding paper of this  series. The curve through the low inten- 
sity section of the 5  ° off-center data is drawn from equation  (5);  the other two 
curves are drawn from equation  (6).  The specific  values of the constants are 
given in the text. 
the curve in Fig.  1 has the equation  11.72 I °.5~ =  n/(6.93  -  n/~)  de- 
rived by taking/f  =  338, a  =  0.52, and c  -  14.43.  For C. D. V. the 
curve through the foveal points in Fig. 2 has the equation 9.15 1 °.44 = 
n/(7.48  -  ~/~) secured  by taking K  =  244, a  =  0.44, and c  =  13.36, 
We  may  therefore  conclude  from  the  numerical  comparisons  be- 
tween  the  data  and  the  theoretical  derivation  that  the  first  step  in 
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photoreception considered as  a  reversible photochemical reaction is 
able to furnish a first order description of our flicker data. 
VI 
Deviations from Theory 
There are two aspects in which the data appear to deviate from so 
simple  a  formulation.  The  first  is  the  down-turn  of  the  critical 
frequency at  the  very highest  retinal  illuminations.  These  are  of 
almost blinding brightness,  and work at  such intensities frequently 
has  the  unpleasant  consequence of  headache  and  persistent  after- 
images.  Disturbances of function are therefore not unexpected and 
may have their origins in vascular or other changes not immediately 
relevant.  It  is  for this  reason  that  the  cone theoretical curves in 
Figs.  1 and 2 have been made to terminate higher than do the data. 
Possibly also this down-turn is related to the processes which normally 
follow  and  are  controlled  by  the  photoproducts  (I-Iecht,  1931), 
(Adrian and Matthews,  1927).  Catenary systems of this kind tend 
to prolong the effects of the light period at the expense of the dark 
period, and at very high illuminations would require the frequency 
to be reduced in order that the dark period may become perceptible. 
The second deviation from simple theory concerns the slope of the 
middle part  for  the  cones,  which is  corrected by  the  exponent  a. 
A  possible  explanation  of the  differences in  the slope  concerns the 
threshold distributions of the sensory elements and their connections 
(Lucas,  1905;  Toy, 1922;  Hecht,  1928).  The photochemical deriva- 
tion is for a homogeneous system, and applies to a  given cell or to a 
number of cells of identical properties.  However, if these cells and 
ttleir  connections,  though  activated  by  the  same  photochemical 
system, nevertheless possess different discharge thresholds, then their 
flicker function may require a new factor for its description. 
Perhaps the simplest and most adequate explanation of the neces- 
sity for the exponent a  derives from its numerical value.  The values 
for a  used here are of the order of 0.5,  and could indeed have been 
made exactly equal to 0.5 without any significant deviation from the 
data.  This means that the velocity of the photochemical action of 
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relation is fairly common in photochemical reactions, particularly in 
those involving the halogens  (cf.  Berthoud,  1926; and  Griffith and 
McKeown,  1929).  We have always assumed for the eye that  the 
velocity is a linear function of the intensity of the Light.  This clearly 
holds for the rods; but there have already been indications in intensity 
discrimination data and also in visual acuity data (Hecht, 1931) that 
this is not adequate for the cones.  It may be one of the contributions 
of the present data that they so clearly point toward the necessity 
of a square root function in this connection. 
VII 
Theoretical  Extensions 
It remains to consider whether the derivation here given accounts 
for the other characteristics of flicker previously enumerated.  Tal- 
bot's law has already been dealt with in the first paper of this series 
(Hecht and Wolf, 1932) where its validity in terms of the photoreceptor 
system was demonstrated theoretically and experimentally. 
The critical frequency falls during dark adaptation and rises with 
light  adaptation  (Lythgoe and Tansley, 1929).  We omit a mathe- 
matical derivation of these results and merely point out how they 
follow from equations  (1),  (2),  and  (4).  Equation  (1)  shows that 
during Light adaptation the concentration of photoproducts increases, 
and  equation  (2)  shows  that  during dark  adaptation  it  decreases. 
Since according to equation (4) the critical frequency n is a function 
of the  concentration x  it  follows  that  during Light adaptation  the 
critical frequency to a given light must increase, whereas during dark 
adaptation it must decrease. 
The last aspect of flicker is the rise and fall of critical frequency at a 
given intensity as the ratio of dark period to light period increases. 
It is proposed to deal with this at some length at a future time; there- 
fore only the barest outline need be given now.  The general equation 
for Talbot's law (cf. Hecht and Wolf, 1932) is 
KI  x*  (7) 
p  a  ~ 
where 1/p is the fraction of the total cycle of Light and dark occupied 
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pat that of the whole cycle, and (p  -  1)at that of the dark period. 
The expression for the velocity during the dark period now becomes 
Ax 
--  k~x~  (8)  (p-  1)m 
into  which may be substituted  the value of the critical frequency, 
n  =  1~pat,  and the previous assumption that Ax  --- c.  The resulting 
relation between x and n is 
c  p 
x~  ....  n  (9)  k~  (p -  1) 
and  may now  be  substituted  in  equation  (7).  When  solved,  this 
yields 
p  --  1  KIk2 (KI +  2ap  %/4KIap +  K*I*)  (10) 
pa  2c 
as the relation between n, p, and I.  At constant intensity this means 
that as p  increases, the critical frequency n first increases to a max- 
imum and then decreases.  The relation which equation  (10)  gives 
is not quite symmetrical, but the data (cf. Ires and Kingsbury, 1916) 
are not unequivocal in this respect. 
VIII 
Comparisons with Other Visual Functions 
The division of our flicker data into a  rod component and a  cone 
component each functional at a  different intensity level is in keeping 
with the previous theoretical treatment of intensity discrimination, 
of visual acuity, and of dark adaptation (Hecht, 1931).  The compu- 
tations  for  intensity  discrimination  showed  that  the  just  effective 
difference in concentration of photoproducts required for a  minimal 
intensity discrimination is much larger for the rods than for the cones. 
The  same difference is  shown in  visual  acuity,  where the  range of 
visual acuity units covered by the rods is much less than by the cones. 
Similarly here in the flicker data, the constant c in equations (5) and 
(6),  which is  proportional  to  the  square  root  of the concentration 
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The value of Ax for the rods is thus more than four times as large for 
the rods as for the cones, which means that the capacity for flicker 
discrimination is much coarser in the rods than in the cones. 
Another agreement concerns the relative values of K  for the rods 
and for the cones.  Both in  intensity discrimination and in  visual 
acuity, K  for the rods is many times greater than K  for the cones. 
The relation which this bears to the rate of dark adaptation of the two 
systems has  already been  discussed  (Hecht,  1924).  Here  we  find 
precisely the same difference in the K values, those for the rods being 
about a thousand times those for the cones. 
It is not possible to make more than this roughly quantitative com- 
parison of the constants and values secured from the various other 
data with those secured in flicker, because the two groups Of data have 
been made under significantly different conditions.  Our flicker data 
have been made with strict fixation and are always concerned with 
the  behavior of specifically  circumscribed retinal  areas.  The data 
of  intensity  discrimination  and  visual  acuity,  however,  represent 
maximal functions of the eye as a whole in which the most effective 
region is used at any given moment.  Thus at low intensities various 
parts of the periphery are used, while at higher intensities only the 
fovea is used.  It would be of extraordinary interest in this connection 
to make measurements  of visual acuity and of intensity discrimination 
with specifically  fixated retinal areas. 
IX 
SUM'~ARY 
A theoretical treatment of the data of intermittent stimulation by 
light is presented in terms of the familiar reversible photochemical 
system previously used for other properties of vision.  It  appears 
that such a  system considered merely as the initial event in photo- 
reception is capable of giving a first order quantitative description of 
the relation between critical frequency and illumination for different 
retinal regions,  and of Talbot's law.  Moreover the development of 
this concept shows that the general form of most of the existing rela- 
tionships in flicker are already apparent in the characteristics of the 
behavior of this initial photochemical event. 282  INTERMITTENT STIM~ULATION BY  LIGHT.  IV 
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